To determine the effects of hammerhead ribozymes against hepatitis C virus (HCV) RNA on viral protein translation, a luciferase reporter gene vector, pCMV/T7-NCRC ⌬ -luc, was constructed containing the 5 Ј -noncoding region (5 Ј -NCR) and part of the core region of HCV. Four ribozymes, Rz1-Rz4, were designed to cleave at nucleotide positions 136-160, 313-337, 496-520, and 373-388, respectively. Each ribozyme cleaved the target RNA at expected positions under cell-free conditions. Rz2 and Rz4 significantly suppressed translation of NCRC ⌬ -luc RNA by 71 and 49%, respectively. Translation of control luciferase mRNA lacking viral elements was not affected by the ribozymes. Furthermore, when NCRC ⌬ -luc RNA and ribozymes were cotransfected into cells, Rz2 and Rz4 significantly suppressed expression by 73 and 56%, respectively. In contrast, cleavage-deficient ribozymes with a point mutation in the hammerhead domain had no significant effect. To determine the effects of endogenously produced ribozymes, eukaryotic expression vectors for Rz2 and Rz4 were constructed. Cotransfection of the vectors with CMV/T7-NCRC ⌬ -luc showed suppression of luciferase activities to 50 and 61%, respectively. Moreover, transfection of pCMV/T7-NCRC ⌬ -luc into stable Rz2 and Rz4 producer cells also showed substantial inhibition of luciferase activity. Ribozymes directed against the HCV genome can substantially and specifically inhibit viral gene expression under intracellular conditions. ( J. Clin. Invest. 1996. 98:2720-2728.)
Introduction
Ribozymes are RNA molecules that catalyze cleavage of a target RNA molecule based on sequence-specific recognition (1, 2) . Hammerhead ribozymes are the smallest and the best characterized (3). They contain three RNA helices: I and III which hybridize to complementary strands of substrate RNA, and helix II, which cleaves the target RNA strand at a specific site. After cleavage and dissociation of the cleaved RNA molecules, ribozymes can theoretically be recycled to catalyze additional reactions. Ribozymes are of much interest due to their potential for therapeutic applications (4) . In the current study, we raised the possibility that an appropriately designed ribozyme could be used to specifically inhibit gene expression of hepatitis C virus (HCV), 1 a major causative agent of acute and chronic hepatitis leading to end-stage liver failure and liver malignancy (5-7), and for which there is no satisfactory treatment.
Studies on the HCV genome have revealed that it is a plusstranded RNA of ‫ف‬ 10 kb, and its structure has significant homology with the flavivirus and pestivirus (8, 9) families. The HCV genome consists of a single long open reading frame encoding a preprotein of ‫ف‬ 3,000 amino acids for structural and nonstructural viral proteins. There are noncoding regions at 5 Ј -and 3 Ј -termini, and the 3 Ј -noncoding region is followed by poly-A or poly-U repeats. There is considerable variability of the nucleotide sequences between different strains of HCV. However, this variability is not evenly distributed throughout the genome. The 5 Ј -end of the HCV genome including the 5 Ј -noncoding region (5 Ј -NCR) and upstream half of the core region is the most conserved (10) . Previous studies have shown that the 5 Ј -NCR forms multiple stem loop structures, and that it has an internal ribosome entry site that mediates cap-independent translation of viral RNA (11, 12) . Thus, the 5 Ј -NCR is a critical structure required for viral protein synthesis and replication. Another important region is the core gene that encodes the viral capsid protein. The objective of the present study was to determine whether hammerhead ribozymes designed to cleave the HCV genome in the 5 Ј -NCR, and the core regions of HCV-RNA could specifically and efficiently inhibit HCV viral gene expression.
Methods

Construction of HCV-luciferase reporter gene expression vectors.
Fusion genes of the HCV-RNA and a luciferase reporter system were used to assess virus-specific protein synthesis. RNA was extracted by an acid guanidinium thiocyanate-phenol-chloroform method (13) from the plasma of a patient with chronic hepatitis C (type Ia). The extracted RNA was reverse transcribed, and 585 bp of the HCV-cDNA were amplified by PCR using a pair of primers encompassing the 5 Ј -NCR and upstream part of the core region. The primers used were: NCR-Ia-S 5 Ј -TTGCGGCCGCCAGCCCCCT-GATGGGGGCGACACTCCACCAT -3 Ј ;CORE-AS 5 Ј -CCGGAT CCGGTACCCGGGCTGAGCCCAGG -3 Ј .
The amplified DNA fragments were digested with NotI and BamHI, and cloned into NotI and ApaI sites of the pRcCMV (Clontech Labo-ratories, Inc., Palo Alto, CA) with a BamHI-and ApaI-digested fragment of the pGEM-Luc (Promega Corp., Madison, WI) containing a full length luciferase gene (construct: pCMV/T7-NCRC ⌬ -luc). Similarly, a NotI-and ApaI-digested fragment of pGEM-Luc was cloned between NotI and ApaI sites of pRcCMV (construct: pRcCMV/T7-luc). In both constructs, expression of fusion genes was driven by a cytomegalovirus early promoter/enhancer, and also by the T7 promoter. Structures of the constructs are shown in Fig. 1 A. Construction of HCV-directed hammerhead ribozymes. Four sets of ribozyme constructs were prepared using sequences shown in Fig.  1 B. Rz1 and Rz2 were directed against the 5 Ј -NCR (nucleotide [nt] 136-160 and 313-337 of the HCV genome, respectively), and Rz3 and Rz4 were directed against the core region (nt 496-520 and 373-388, respectively. The nucleotide sequences of the target sites were derived from the reported sequences of the HCV genome (8, 9) . To exclude antisense effects of the ribozymes, cleavage deficient ribozymes that have A → G point mutations in the catalytic loop of the hammerhead domain were prepared. These ribozymes allow binding to the target RNA, but lack cleavage ability (14, 15) . The ribozyme template sequences were synthesized as pairs of partially overlapping oligonucleotides using a DNA synthesizer (380B; Applied Biosystems, Inc., Foster City, CA). After annealing both strands, the single-stranded gaps were filled in by Taq DNA polymerase (Life Technologies, Gaithersburg, MD). The synthesized DNA fragments were cloned into an EcoRV site of the pGEM5zf( ϩ ) (Promega Corp.) to make template plasmids for in vitro transcription (constructs: pGEM-Rz1, -Rz2, -Rz3, and -Rz4). To generate eukaryote expression vectors, the ribozyme sequences were subcloned into a multiple cloning site of the pRcCMV (constructs: pCMV-Rz2 and -Rz4), Fig. 1 C. Because intermolecular base pairing may alter ribozyme structure, ribozyme genes were positioned within a stem loop to stabilize the secondary structure (16). 5 Ј -and 3 Ј -arm sequences ( AL and AR in Fig. 1 C , respectively) were as follows: AL 5 Ј -CCAGTGTGCTGGACACACACA-CATCGAT -3 Ј AR 5 Ј -GTTAACACACACACACCCATCAC-ACTGG -3 Ј .
As an additional negative control for the ribozyme reactions, a ribozyme vector was constructed from ribozymes unrelated to the HCV genome (construct: pCMV-RzX), which was directed against the pre-S region of hepatitis B virus genome. Nucleotide sequences of the constructs were confirmed by dideoxy-chain termination method.
Cell-free transcription of HCV and ribozyme RNA. To determine the efficacy of ribozymes, an HCV viral RNA target was generated. RNA strands were synthesized by in vitro transcription using T7 RNA polymerase from linearized DNA templates, Fig. 1 A. The NCRC ⌬ -luc RNA (2,712-mer) and 5 Ј -luc RNA (2,371-mer) were synthesized from pCMV/T7-NCRC ⌬ -luc and pRcCMV/T7-luc, respectively. To prepare radiolabeled target RNA for cell-free cleavage assays of the ribozymes, NCRC ⌬ -luc ⌬ RNA (731-mer) was synthesized from XbaI-digested pCMV/T7-NCRC ⌬ -luc in the presence of [ ␣ -32 P]UTP. Four different ribozymes were prepared in a similar fashion from BamHI-digested pGEM-Rz1, pGEM-Rz2, pGEM-Rz3, and pGEM-Rz4.
Analysis of ribozyme-mediated cleavage of viral RNA in cell-free conditions. 1 pmol of [ ␣ -32 P] UTP-NCRC ⌬ -luc ⌬ RNA and varying molar ratios of ribozyme were mixed on ice, and incubated in the presence of 10 mM Tris-HCl, pH 7.4 and 10 mM MgCl 2 at 37 Њ C for 1 h. The mixtures were run on 5% polyacrylamide/5 M urea gels. After electrophoresis, the gels were subjected to autoradiography. All assays were performed in triplicate, and the amount of each DNA fragment was quantified by a PhosphorImager TM . Cleavage ratios were expressed as a percentage of starting RNA.
In vitro translation. The NCRC ⌬ -luc RNA and ribozyme RNA were mixed with rabbit reticulocyte lysate (Promega Corp.), and incubated at 30 Њ C for 1 h with or without [ P-labeled NCRC⌬-luc⌬-RNA was incubated at 37ЊC for 1 h with 100 times (lanes 1 and 2) or 10 times (lanes 3 and 4) molar excess of Rz2mut, Rz4mut, Rz2, and Rz4 (lanes 1-4, respectively). *Incomplete length RNA occurred by partial transcription termination of T7 RNA polymerase by a 10 adenine repeat at nucleotide position 364-373 of the HCV genome. A and B, cleavage products by Rz2 and Rz4, respectively. maintained in DME (Life Technologies) supplemented with 10% fetal bovine serum at 37 Њ C under 5.5% CO 2 .
RNA transfection. To assess the intracellular activity of ribozymes, RNA transfection was performed using a modification of the method of Wang et al. (12) . Huh7 cells were plated onto 48-well plastic plates at 80% confluence. The NCRC ⌬ -luc RNA and ribozyme RNA were mixed in varying molar ratios. Total RNA, 2 g, was mixed with 6 g of lipofectamine (Life Technologies) in phosphate-buffered saline. To minimize extracellular cleavage, cells were exposed to the RNA-lipofectamine complexes for only 2 h, and replaced by complete culture medium. Luciferase activities were measured after 6 h of transfection.
DNA transfection. To determine the efficiencies of the ribozyme expressed within cells by transfected plasmid vectors, DNA cotransfection was performed. The pCMV/T7-NCRC ⌬ -luc or the pCMV/T7-luc, and the pCMV-Rz2 or the pCMV-Rz4 were mixed in varying molar ratios. Total DNA of 1.6 g was mixed with 8 g of lipofectamine, and added to Huh7 cells plated onto 24-well plate. Luciferase activities were measured after 2 d of transfection.
Construction of Huh7 cells constitutively producing ribozyme RNA. DNA and RNA transfections result in transient synthesis of the protein of interest. There can be considerable variability in the levels of product. To produce a test system with a stable production of ribozyme, cell lines were prepared that constitutively produce ribozymes. Huh7 cells were transfected by a calcium phosphate method, with plasmids pCMV-Rz2 or pCMV-Rz4, which contain a neomycin resistance gene (17) . Stable transfectants were cloned by selection with G418 (Life Technologies). Production of ribozyme RNA was measured by ribonuclease protection assay (RPA II TM Ribonuclease Protection Assay Kit; Ambion Inc., Austin, TX), and clones producing the highest levels of the ribozymes were used for further assays (cell clones: Huh7/Rz2 and Huh7/Rz4).
Transfection to Huh7/Rz transfectants. To determine the effect of constitutive ribozyme production on HCV-directed protein synthesis, luciferase reporter gene vectors described above were transfected into Huh7/Rz2 and Huh7/Rz4 cell lines. Luciferase assays were performed after 5 d of transfection. To normalize the efficiencies of the DNA transfections, cells were cotransfected with pSV-HBVsurf, a plasmid containing the hepatitis B virus surface (HBs) antigen gene. The HBs antigen was quantified by an Abbott ELISA (Abbott Laboratories, North Chicago, IL) method as described by the manufacturer.
Luciferase assays. Luciferase activity was quantified by a luminometer using a Luciferase Assay Kit (Promega Corp.). Total cell protein was determined by Bio-Rad (Richmond, CA) assay as described by the manufacturer. Assays were performed in triplicate and the results expressed as means Ϯ 2 SD in relative light units normalized to cell protein or as percent activities of untreated samples.
Statistical analyses. Statistical analyses were performed using Student's t test with P values of Ͻ 0.05 considered to be statistically significant.
Results
Incubation of the ribozymes and target RNA at several molar ratios under cell-free conditions produced RNA bands of the sizes anticipated for each ribozyme (Fig. 2 A ) . As expected, the extent of cleavage of target RNA increased with increasing ratios of ribozyme to target. Fig. 2 B shows that at a 30:1 ribozyme to target ratio, Rz1, Rz2, Rz3, and Rz4 had cleavage extents of 17.5, 44.8, 27.8, and 81.1%, respectively. The target RNA was not cleaved by catalytic domain mutant ribozymes, Rz2mut and Rz4mut, even at 100:1 ribozyme to target molar ratios (Fig. 2 C ) .
In vitro translation of 5Ј-luc and NCR-luc RNA yielded a protein of a size expected for luciferase (61 kD). The translated product of the NCRC⌬-luc RNA appeared to be 70 kD, which is consistent with the expected size of the HCV coreluciferase fusion protein (Fig. 3 A) . All the translated products were found to have luciferase activity (Table I) . Furthermore, luciferase activities of the core-luciferase fusion protein adjusted for the molar amounts of translated proteins were equivalent to the native luciferase protein, suggesting that the synthesized fusion proteins fully retained their enzymatic activities. In addition, a log-log plot of luciferase activity as a function of concentration of template NCRC⌬-luc RNA produced a linear relationship with a strong correlation efficient, 0.993 (Fig. 3 B) .
To determine whether the specific cleavage of the HCV-RNA by ribozyme could affect 5Ј-NCR-dependent translation, in vitro translation was performed with full length NCRC⌬-luc RNA as template in the presence of the ribozymes. Fig. 4 shows that with a 30-fold excess, Rz2 and Rz4 decreased luciferase activities by 69.4 and 50.9%, respectively. In contrast, there were no significant effects of Rz1 and Rz3 on luciferase activity. To determine whether this observed effect was due to nonspecific inhibition of translation by the ribozymes, 5Ј-luc RNA that lacks HCV viral elements was used as a control transcript in the presence of ribozymes Rz2 and Rz4. Luciferase activity generated by this transcript was not significantly affected by either ribozyme under identical conditions (Fig. 4) . Moreover, Rz2mut and Rz4mut had no inhibitory effects on luciferase activities.
To determine whether the ribozymes were active when introduced inside cells, NCRC⌬-luc RNA and ribozymes were cotransfected in varying molar ratios as described above. The ribozymes Rz2 and Rz4 significantly suppressed expression of HCV-RNA by 73.0 and 55.5%, respectively, while Rz2mut and Rz4mut had no significant effect (Fig. 5) . As had been observed in the cell-free experiments, Rz1 and Rz3 were considerably less active under identical conditions.
Based on the results of the above cell-free assays, and the RNA transfections, the two most effective ribozymes, Rz2 and the Rz4, were used to construct eukaryote expression vectors, pCMV-Rz2 and pCMV-Rz4. Cotransfection of pCMV/T7-NCRC⌬-luc with a 20-fold molar excess of pCMV-Rz2 and pCMV-Rz4 showed suppression of luciferase activities to 50.2Ϯ7.6% and 61.2Ϯ3.7%, respectively (Fig. 6 A) . As a control for nonspecific ribozyme-target interaction, pCMV/T7-NCRC⌬-luc was cotransfected with pCMV-RzX, a plasmid encoding a ribozyme directed against non-HCV sequences. In addition, ribozyme vectors were cotransfected with pCMV/T7-luc lacking any HCV viral components. In both cases, there were ʈ 5Ј-luc, synthetic luciferase mRNA; ¶ NCR-luc, synthetic RNA of the 5Ј-noncoding region of hepatitis C virus genome and luciferase gene; **NCRC⌬-luc, synthetic RNA of the fusion gene of the 5Ј-noncoding region and upstream part of the core region of the hepatitis C virus genome followed by luciferase gene; ‡ RLU, relative light units; *Adjusted luciferase activity, luciferase activity adjusted by molar amounts of the translated proteins.
§ Values are shown as percent activities of the native luciferase protein. Figure 4 . In vitro translation of NCRC⌬-luc and 5Ј-luc RNA with ribozymes. NCRC⌬-luc RNA or 5Ј-luc RNA were incubated in rabbit reticulocyte lysate in the presence of ribozymes as described in the Methods section. Luciferase activities were calculated as meansϮ2 SD, and were expressed as light units. (*P Ͻ 0.05). Ratios denote ribozyme to target (mole/mole) ratios. no significant effects on the luciferase activities, suggesting that the decreased luciferase activities were due to sequencespecific cleavages of HCV-RNA by directed ribozymes, and that the RNA was active both in the form of ribozyme from endogenously produced messenger RNA as well as exogenously introduced ribozyme.
To assess the effect of constitutively produced endogenous ribozyme, Huh7 cell lines stably transfected with pCMV-RZ2 or pCMV-RZ4 were studied. To establish ribozyme-producing cell lines, Huh7 cells were transfected with pCMV-Rz2 or pCMV-Rz4, and stably transfected clones were selected and isolated by G418 treatment as described above. The levels of ribozymes in the resulting clones, Huh7/Rz2 and Huh7/Rz4, were calculated to be 7 ϫ 10 6 and 8 ϫ 10 6 copies/g cellular RNA, respectively. There were no differences in the cell morphology, growth rate, or protein content per cell between transfected and nontransfected Huh7 cells (data not shown). Huh7/Rz2, Huh7/Rz4, and nontransfected Huh7 cells were transiently transfected with pCMV/T7-NCRC⌬-luc or control pCMV/T7-luc plasmids. Luciferase activities were significantly inhibited in Huh7/Rz4 cells transfected with pCMV/T7-NCRC⌬-luc to 50.0Ϯ6.4% of that of ribozyme-negative Huh7 cells (Fig. 6 B) . Transfection of the same plasmid vector into Huh7/Rz2 cells showed decreased luciferase activities to 70.0Ϯ8.0%. Transfection of the control pCMV/T7-luc into the Huh7/Rz2 and Huh7/Rz4 resulted in no significant differences in luciferase activity compared with that of the Huh7 cells under identical conditions.
Discussion
The results indicate that although all four ribozymes were capable of cleaving target viral RNA in cell-free conditions, only two ribozymes, Rz2 and Rz4, significantly inhibited marker gene expression when introduced into cells. These ribozymes were not directed against the same region of the viral genome. Rz2 was synthesized to cleave just upstream of the start codon of the viral transcript, while Rz4 was designed to interfere with the core region. The discrepancy between cell-free and intracellular effects has been described previously, and may be due to several factors. For example, double-stranded regions of folded single-stranded RNA, interaction sites for RNA-binding proteins, and regions that have homology with other endogenous RNA sequences have been shown to be much less accessible to ribozymes (4) . Before performing the current experiments, an mFOLD structural prediction program was used to estimate folding of single-stranded RNA, and likely sites for successful ribozyme attack (18) . The mFOLD prediction of secondary structure of the HCV genome is shown in Fig. 7 which indicates that the target sites for Rz2 and Rz4 are pre- dicted to be in a single-stranded region, while those for Rz1 and Rz3 are predicted to be in a double-stranded region of the HCV-RNA. The observed differential cleavage activity among the four ribozymes is consistent with this prediction. Whether such folding actually occurred in the cells is not known. Nevertheless, the results confirm the fact that cleavage under cellfree conditions does not always reflect activities of reactions within cells. Recently, a systematic approach using a library to select optimal ribozyme sequences (16) has demonstrated that effective target sites for the ribozymes are limited to singlestranded gaps of mRNA, which is consistent with our results.
In studies described here, a luciferase gene was expressed as a fusion protein of the HCV core protein that is translated simultaneously by the 5Ј-NCR. Therefore, the measured internal luciferase activity directly reflects the synthesis of core protein. The fact that the ribozymes had no effect on the luciferase (T7-luc) template RNA lacking viral 5Ј-NCR suggested that the observed effects of the ribozymes were not due to recognition of nonviral sequences.
Antisense oligodeoxynucleotides (ODN) directed to the 5Ј-NCR have been shown to inhibit the translation of the HCV-RNA and virus replication (19) (20) (21) . In previous studies, antisense ODNs directed against a region adjacent to the start codon effectively inhibited viral expression while the ODNs directed against only the protein-coding region were not effective. However, effective sites for ODNs are different from those for our ribozymes, likely due to the different mechanisms of inhibition. As we have shown in the present study, mutant ribozymes containing substitution of key nucleotides in the catalytic domain of the helix II, allowing binding to the target, but lacking cleavage activity, demonstrated no inhibitory effects in cells, which was consistent with the previous studies (14, 15) . Our data suggest that the mechanism for the inhibitory effects of the ribozymes in the cells is mainly due to sequence-specific cleavage.
Ribozymes have been previously used successfully to inhibit gene expression of other viruses, and also of neoplastic cells (15, 22) . Experiments with ribozymes and hepatitis B virus (23, 24) have demonstrated sequence-specific cleavage of pregenomic mRNA by ribozymes. The present study demonstrates intracellular effects of the ribozymes against the HCV.
The 5Ј-NCR of HCV was selected as a potential target for cleavage because this region has been shown to mediate ribosome binding of the HCV-RNA followed by cap-independent translation initiation (11, 12). Nucleotide alterations, partial deletion, or total removal of the 5Ј-NCR abolishes its translation initiation function (25) (26) (27) . Moreover, the HCV genome consists of a single open reading frame. Virus proteins are maturated through post-or cotranslational processing of viral preprotein by microsomal signal peptidase or by viral serine protease. Because the 5Ј-NCR is the only translation initiation site in the viral genome, cleavage of the region by the ribozymes could potentially block the expression of all the encoded viral proteins. Transfection of full length HCV-RNA in cultured liver cells has shown that full length 5Ј-NCR is required for replication and virus propagation (28) . Ribozymes might block replication of viral genome as well as viral protein expression resulting in more effective suppression of HCV infection.
The HCV genome is known to have considerable variability among its subtypes, and also among strains of the same subtype (9) . Moreover, multiple closely related strains of the viruses may be present in a single patient (29) . Because sequence mismatches between the ribozyme and target may considerably affect the efficiency of their cleavage reaction, it is important to use well-conserved regions as ribozyme targets. The 5Ј-NCR and upstream half of the core region are most highly conserved in the HCV genome (99.9%) (10) . The sequences selected as targets of the ribozymes in the current study are identical to the known HCV subtypes as well as strains of the same subtypes.
Studies on HCV have been hampered by the difficulty of establishing infection models. Humans and other primates are the only known hosts for HCV infection. Furthermore, only a limited number of cell lines can support HCV replication (30) (31) (32) (33) . Viral replication in these cells, however, is unstable, and the viral titers can be measured only by PCR. Thus, methods to detect and quantify virus replication and the protein expression are limited. In the present study, we adopted the luciferase reporter gene system that is linked to the initiation of translation by 5Ј-NCR because it is a sensitive and quantitative method. However this chimeric construct, while convenient, may not reflect the actual intracellular folding of the complete HCV genome. Although the data do not necessarily predict that these ribozyme sequences will be effective against a natural HCV infection, the results do indicate that intracellular delivery of hammerhead ribozymes either by RNA itself or by expression from DNA expression vectors into the HCV-infected hepatocytes can substantially inhibit HCV translational targets.
